During systemic inflammation recruitment and activation of leukocytes in the pulmonary microcirculation may result in a potentially life threatening acute lung injury. We elucidated the role of the poly (ADP-ribose) synthetase (PARS), a nucleotide-polymerizising enzyme, in regulation of leukocyte recruitment within the lung with regard to the localization in the pulmonary microcirculation and in correlation to hemodynamics in the respective vascular segments and expression of the intercellular adhesion molecule 1 during endotoxemia.
Introduction
Polymorphonuclear leukocytes seem to play a crucial role in the pathogenesis of acute lung injury. During systemic inflammation the pulmonary concentration of leukocytes dramatically increases leading to a 10-fold concentration as compared to organs of the systemic circulation (1) (2) (3) (4) (5) (6) . Upon activation, leukocytes may contribute to tissue damage resulting in capillary leakage and edema formation due to release of proteases and oxygen and nitrogen radicals (7) .
Oxygen radicals, such as O 2 -and OH .
, released by activated leukocytes cause tissue damage by lipid peroxidation, protein modification and DNA single strand breaks. In the manifestation of the acute lung injury, it has been considered that during DNA-repair, the chromatin-bound enzyme poly (ADP-ribose) synthetase (PARS) is activated and catalyzes the transfer of ADP-ribose moieties from NAD to proteins. Since NAD is essential for mitochondrial electron transport, consumption of NAD results in increased ATP demand, hence cellular energy depletion, and ultimately cell death (8) (9) (10) (11) ).
In the context of acute lung injury, PARS seems not only to be activated following leukocyte infiltration. It has also been concluded that PARS is involved in the process of pulmonary leukocyte infiltration since e.g. intratracheal instillation of endotoxin provoked less activity of myeloperoxidase in bronchoalveolar lavage of PARS knockout mice compared to wild type mice (12;13). However, the underlying microvascular mechanisms of PARS-mediated leukocyte recruitment have still not been clarified in detail.
Retention of leukocytes in the lung is the net result of a dynamic equilibrium between circulating cells and a population of leukocytes that are retarded during their passage through the pulmonary microcirculation. This balance between circulating and resting leukocyte pool may be affected by adhesion molecules, as ICAM-1, because they mediate a firm attachment of leukocytes on the endothelium of pulmonary venules and, in contrast to systemic microcirculation, of pulmonary arterioles and alveolar capillaries (14) . It has been observed that PARS inhibition diminished the pulmonary expression of ICAM-1 induced by zymosan activated plasma (15). In the lung, in contrast to other organs, there also exists adhesion molecule independent mechanisms to recruit leukocytes in the pulmonary microcirculation.
The reduction of leukocyte deformability due to remodeling of the cytoskeleton following activation may contribute to a mechanical retention of leukocytes within narrow segments of pulmonary microcirculation, especially within alveolar capillaries (16) (17) (18) (19) . In addition, changes in microhemodynamics and thus shear forces may influence the exchange between circulating and resting leukocytes and subsequently the tissue concentration of these cells (20) (21) (22) (23) . The role of PARS on pulmonary mechanical leukocyte retention and microhemodynamics has not been investigated so far. Correspondingly, the causative relationship between PARS-mediated ICAM-1 expression and leukocyte recruitment in pulmonary microvessels is still not defined.
Therefore, the aim of the present study was to investigate the microvascular mechanism of leukocyte recruitment during systemic inflammation. The PARS-mediated leukocyteendothelial cell interaction was characterized in the lung with regard to the localization in the pulmonary microcirculation and in correlation to mircohemodynamics, and thus shear rates, ICAM-1 expression, and PARS activation. Intravital fluorescence microscopy was used as this is the only method allowing a direct visualization and simultaneous quantification of leukocytes kinetics and microhemodynamic parameters in each segment of the pulmonary microcirculation. In addition, we investigated the development of capillary leakage and edema formation during endotoxemia and/or PARS inhibition.
Methods
Animals. Experiments were performed in male New Zealand White rabbits ranging in weight from 2.5 to 3.3 kg (Charles River, Kisslegg, Germany) and in SPF 129/Sv PARS-1-deficient (PARS-/-) mice and their respective wild-type counterparts ranging in weight from 23 to 37 g were used. PARS-/-mice were originally generated and kindly provided by Dr. Z.-Q. Wang (Lyon, France) (24) . Experiments with mice were carried out in cooperation with Prof. J.
Węsierska-Gądek.
Rabbit preparation. New Zealand White rabbits were anesthetized by i.v. application of 50 mg thiopental sodium followed by 50 mg/kg bw α-chloralose. 0.5 mg/kg bw piritramide was given for analgesia and 0.3 mg/kg bw pancuronium bromide for muscle relaxation. The surgical preparation and experimental setup for intravital microscopy have been described in detail (20) . Briefly, the animals were tracheotomized, intubated and pressure-controlled ventilated (FiO 2 : 0.4, inspiratory airway pressure 8 mm Hg, expiratory airway pressure 2 mm Hg). Catheters were introduced into the carotid and pulmonary artery for continuous measurement of arterial and pulmonary arterial blood pressure. To access the surface of the right lung for intravital microscopy, the fourth and fifth ribs were partially removed and a transparent window was implanted instead. Electrophoresis and blotting were performed as published previously (27) . As primary antibodies the anti-rabbit ICAM-1 Rb2/3 (murine anti-rabbit monoclonal IgG, 1:500 dilution, generous gift from Cybulski (25)) and anti-mouse ICAM-1 (rat anti-mouse monoclonal IgG,
Electron microscopy. For determination of capillary leakage the extravasation of i.v. infused gold-labeled rabbit serum albumin (RSA) was investigated by electron microscopy. The production of RSA-gold complexes was performed as described previously (28 Lung wet/dry ratio. To asses pulmonary edema formation, lung tissue wet/dry weight ration was determined by drying sampels at 100°C for 24 h.
Superoxide anion assay. Superoxide anion release from isolated rabbit neutrophils was measured after stimulation with phorbol-myristate-acetate (PMA) in the combination with the pre-or absence of 3-AB (2 mg/ml) by the superoxide dismutase (SOD) inhibitable reduction of ferricytochrom C as previously described (29) .
Myeloperoxidase assay. Measurement of myeloperoxidase activity in lung tissue was performed as described earlier (30) . Statistics. All data are represented as mean ± standard error of the mean. Statistical data analysis was performed using SigmaStat (Jandel corporation, Inc 1995, Erkrath, Germany).
Comparisons between the groups were tested using ANOVA on Ranks and Dunn´s (protocol 1) and Wilcoxon Signed Rank Test (protocol 2). Repeated measurements were tested using Mann-Whitney Rank Sum Test. Statistical significance was assumed when p < 0.05.
Results

Macrohemodynamics.
The results of the mean arterial and pulmonary arterial blood pressure are summarized in table 1.
Microhemodynamics. The vessel diameters ranging from 24 to 30 µm did not differ between the groups and did not change over the time neither in protocol 1 nor in protocol 2 ( figure 1 and figure 2). In protocol 1, the red blood cell velocity remained constant in all groups over 2 hours (figure 1). In protocol 2, 6 hours after beginning of 3-AB-infusion the LPS-induced decrease of the red blood cell velocity in arterioles and venules could nearly be reversed. In alveolar capillaries the effect of 3-AB already occurred after 4 hours treatment with LPS (figure 2).
Leukocyte -endothelial cell interaction. The number of adherent leukocytes in arterioles was
significantly increased only in the endotoxin-group as compared to control-group at 2 hours.
In postcapillary venules the pretreatment of 3-AB completely prevented the LPS-induced increase of adherent leukocytes. Moreover, there was a significant reduction of adherent leukocytes in the LPS + 3-AB-group compared to the LPS-group at 6 hours in pulmonary arterioles and at 4 and 6 hours in venules. Also in alveolar capillary networks the treatment with 3-AB markedly reduced the retention of leukocytes 2, 4, and 6 hrs after infusion of Edema formation. At baseline, alveolar septa were on average 19.4 ± 0,9 µm (figure 6).
Simultaneously to leukocyte sequestration in alveolar capillary networks, the width of alveolar septa increased in the LPS-group indicating onset of edema formation. This increase was not evident in animals pretreated with 3-AB. Accordingly, gold-labeled albumin detected by electron microscopy was strictly limited to the plasma compartment or to endosomes in PMN and endothelial cells of pulmonary capillaries under control conditions (figure 7). In lungs from LPS-treated animals gold-labeled albumin was detected in the plasma compartment of capillaries, in the interstitium and in alveoli indicating protein extravasation.
In contrast, PARS-inhibition by 3-AB resulted in a nearly complete inhibition of gold-labeled albumin extravasation. These findings indicate reduced edema formation after LPS by PARS inhibition.
Wet/dry ratio. 2 h after onset of LPS infusion the wet/dry ratio (2h: 3.8 ± 0.1) did not statistically differ from control (2h: 4.2 ± 0.2). There was also no difference between the wet/dry ratio of the LPS group (2h: 3.8 ± 0.1 and 6h: 4.1 ± 0.2) and the LPS + 3-AB group (2h: 3.9 ± 0.2 and 6h: 4.1 ± 0.2) at the timepoints 2 and 6 h..
Nitrotyrosine formation in lung tissue.
The interaction of peroxynitrite with proteins results in nitrotyrosine formation which was assessed in the present study using immunohistochemistry.
Anti-nitrotyrosinee antibody binding was diffuse in alveolar epithelial cells and in pulmonary vessels of the control group after 6 hours infusion of saline solution. Strongly intensified nitrotyrosine formation was observed 6 hours after LPS infusion. However, the pretreatment with 3-AB effectively abolished the endotoxin-induced production of nitrotyrosine ( figure 8 ).
PARS activity in lung tissue. Poly ADP-ribosylated proteins were determined by immunohistochemistry as an indicator of PARS activity. In lung sections from control rabbits only few poly ADP-ribosylated proteins could be detected (figure 9). However, these proteins could be diffusely localized in lung tissue of LPS treated rabbits (figure 9). The additional infusion of 3-AB resulted in a decreased staining of poly ADP-ribosylated proteins (figure 9).
Superoxide anion production. To evaluate whether 3-AB functions as a radical scavenger we determined superoxide production by rabbit neutrophils following PMA and/or 3-AB in vitro.
As depicted in figure 10 incubation with PMA resulted in a significant increase in superoxide anion release which was not influenced by 3-AB.
Discussion
The aim of the study was to investigate the microvascular mechanism underlying the PARSmediated pulmonary sequestration of leukocytes during systemic inflammation. The leukocyte endothelial cell interaction was analyzed in pulmonary arterioles, capillaries, and venules in relation to microhemodynamics and thus shear rates, expression of the adhesion molecule ICAM-1, and to PARS activation using intravital fluorescence microscopy in a rabbit model. Thus, one can claim that in our model the decrease of ICAM-1 expression in the LPS + 3-AB group compared to the LPS group is not a consequence of PARS-inhibition but is the result of 3-AB itself. However, our hypothesis concerning PARS-dependent ICAM-1 expression was confirmed by the difference of ICAM-1 expression between PARS-/-and PARS+/+ mice. In addition, we measured the superoxide anion production of isolated rabbit PMN upon stimulation with PMA in the presence or absence of 3-AB. We did not find any disparities between the results of both groups indicating that in our model 3-AB seems not to function as a radical scavenger (figure 10).
Leukocyte recruitment in pulmonary microcirculation is not only caused by adhesion molecules, as ICAM-1, but is also influenced by shear forces and by mechanical (adhesion molecule independent) retention (16) (17) (18) (19) . Activated leukocytes reorganize their cytoskeleton by redistribution and elongation of actin microfilaments and hence, become more stiffer (16).
Thus, leukocyte passage through narrow segments of pulmonary mirocirculation is impeded resulting in mechanical retention of leukocytes (16) (17) (18) (19) . The influence of PARS on pulmonary - Table 1 
